The effect of ozone (03) on ribulose bisphosphate carboxylase/ oxygenase (Rubisco) activity and quantity and net photosynthesis in greenhouse-grown Solanum tuberosum L. cv 'Norland' foliage was studied in relation to oxidant-induced premature senescence. Plants, 26 days old, were exposed to 0.06 to 0.08 microliters per liter 03 from 1000 to 1600 hours for 4 days in a controlled environment chamber. On day 5, plants were exposed to a 6-hour simulated inversion in which 03 peaked at 0.12 microliters per liter. Net photosynthesis declined in response to 03 but recovered to near control levels 3 days after the exposure ended. Rubisco activity and quantity in control potato foliage increased and then decreased during the 12-day interval of the study. In some experiments foliage studied was physiologically mature and Rubisco activity had peaked when 03 exposure commenced. In those cases, 03 accelerated the decline in Rubisco activity. When less mature foliage was treated with 03, the leaves never achieved the maximal level of Rubisco activity observed in control foliage and also exhibited more rapid decline in initial and total activity. Percent activation of Rubisco (initial/total activity) was not affected significantly by treatment. Quantity of Rubisco decreased in concert with activity. The decrease in activities is most likely due to a decrease in available protein rather than a decrease in the percentage of Rubisco activated in vivo. The reduction in the quantity of Rubisco, an important foliar storage protein, could contribute to premature senescence associated with toxicity of this air pollutant.
dual role, serving as the enzyme for net C02-fixation during photosynthesis (13) and as the major storage protein in the leaf (7) . Changes in synthesis and degradation of Rubisco may be divided into three phases corresponding to leaf age (2, 1 1). The first phase is a period of rapid synthesis and almost undetectable degradation, coinciding with the period of leaf expansion. At full leaf expansion, rubisco quantity reaches a maximum and may constitute up to 70% of the total soluble leaf protein ( 12) . The second phase is a steady state period in which synthesis and degradation rates are similar. The final phase is characterized by a period in which degradation is the main process. After full leaf expansion, less Rubisco is needed for photosynthesis, and the enzyme begins to degrade to export nitrogen and carbon to growing regions of the plant (7).
Several studies have been conducted to investigate the effects of 03 on Rubisco. Nakamura and Saka (14) reported a 50 to 80% decline in activity of Rubisco in rice leaves after a 2-h exposure to 0.12 ,uL L' 03. Pell and Pearson (16) demonstrated a decrease in Rubisco quantity in alfalfa after a similar acute 03 exposure of 0.25 ,L L' for 2 h. The results of the latter study were especially intriguing, showing a 36 to 80% decrease in enzyme quantity even in those leaves exposed to 03 but without foliar symptoms. More recently, Lehnherr et al. (9) exposed field-grown wheat to 0.1 ,uL L' 03 for 8 h/ d for 2 months and reported a decrease in Rubisco activity in flag leaves.
Evidence exists that 03 reduces net photosynthesis in many species (18) and changes in the status of Rubisco have been offered as a partial explanation. The implications of 03-induced decreases in Rubisco content could extend beyond the role ofthis enzyme in photosynthesis. As described above, Rubisco goes through a process of synthesis and degradation which characterizes, in part, the maturation and aging processes of the leaf. The 03-induced decrease in Rubisco could reflect an acceleration of this process and offer a partial explanation for 03-induced premature senescence. In the present study, we sought to more thoroughly evaluate the effect of 03 on the status of Rubsico throughout foliar maturation and senescence in potato.
MATERIALS AND METHODS Plant Culture
Solanum tuberosum L. cv 'Norland' plants were used for these experiments. This C3 species has been shown to exhibit premature senescence after exposure to O3 (17) . The Norland cultivar has been shown to be 03-sensitive (3) .
Norland potato tubers (W. Bauman, Coudersport, PA) were cut into 2.5 cm diameter pieces and dusted with 8% potato fungicide (zinc ion maneb complex; Agway, Inc., Syracuse, NY) and allowed to suberize at 16°C and 90% RH for 4 to 
Rubisco Extraction and Activity Assays
Rubisco activity was assayed by a modification of the procedure from Seemann et al. (20) . The sixth oldest leaves from each of two plants were used for all analyses. Leaves were excised, midribs removed, and 0.04 g used for extraction. The remaining tissue was weighed and dried to a constant weight at 70°C.
Leaf tissue was frozen with liquid nitrogen and ground to a fine powder with a cold mortar and pestle. The Total activity was measured by adding 900 ML ofthe extract supernatant to 100 MuL of a preincubation mixture consisting of 100 mM NaHCO3 and 200 mm MgCl2 to bring to a final concentration of 10 mM NaHCO3 and 20 mM MgCl2. The extract was allowed to incubate for 10 min and served to activate any unactivated Rubisco. A 50-,uL aliquot of the diluted extract was used to assay activity as described for initial activity. Acid-stable '4C-radioactivity was determined in a Beckman LS7000 scintillation counter.
Rubisco Quantity Determination
Rubisco quantity was determined for the 6th oldest leaves. Rubisco was extracted as described for activity assays except that the buffer contained 20 mm MgCl2 and 10 mm NaHCO3. The supernatant was used for all protein determinations. Total soluble protein concentration was determined with the Coomassie blue reagent (1) and BSA as standard.
To concentrate the protein, 0.1 mL of 50% TCA was added to a 0.5-mL sample of the extract supernatant in a 1.5-mL microfuge tube (10) . After 30 min at 0°C, the sample was centrifuged at 1 5,850g for 5 min, excess TCA was decanted, and 1.0 mL of cold acetone was added. The sample was incubated at 4°C for 1 h. The sample was centrifuged at 15,850g for 5 min, the supernatant was decanted, and the acetone wash was repeated. After the second wash, the supernatant was decanted and the pellet allowed to dry at 4°C.
To each pellet was added 100 ML of electrophoresis buffer (0.062 M Tris-HCl (pH 6.8), 2% SDS, 0.286 mm 2-mercaptoethanol, 0.05% bromophenol blue, and 10% glycerol) and 400 ML of extraction buffer. Each vial was heated for 4 min at 95°C and allowed to cool before electrophoresis.
Rubisco subunits were separated electrophoretically in SDS-PAGE slab gels with the Mini-Protean II system (BioRad Laboratories, Rockville Centre, NY). A discontinuous buffer system based on that of Laemmli (8) 
Data Analysis
Data were analyzed by analysis of variance using general linear regression models (19) .
RESULTS
The response of Rubisco activities and quantity and net photosynthesis to 03 exposure varied with the time of the year in which the plants were grown. Analyses of variance performed on the trials conducted within an experiment revealed interactions which indicated that it was inappropriate to average the results from each experiment. The first three trials from experiment 1, conducted in August, September, and October 1986, respectively, showed a linear response to 03 exposure as exemplified by the August trial (Fig. 1, A and  B) . Initial and total activities declined in both O3-exposed and control plants. Ozone accelerated this decline to a significant Plant Age (days) degree by the fifth day of 03 exposure. Net photosynthesis showed a similar response to 03 exposure (Fig. 1C) . The fourth trial of experiment 1, conducted in November 1986, showed a cubic response to 03 exposure (Fig. 2, A and  B) . Rubisco activities increased initially before peaking at d 34. After this time, activities decreased, with the 03-treated plants declining more rapidly than those of the control group. Net photosynthesis remained elevated until 31 d after planting when decline began (Fig. 2C) ; in the earlier trials net photosynthesis declined throughout the study period (Fig. IC) . Percent In experiment 2, conducted from September through November 1987, total Rubisco activity was similar to that observed in the fourth trial of experiment 1 (Figs. 3A and 2B ). Activity increased initially before a peak was observed and then declined. The decline was more rapid following exposure to 03. When the quantity of Rubisco was determined, variation inherent in the technique resulted in interactions between trials which also made pooling of data inappropriate. When trials were analyzed separately, we were able to detect 03-induced reductions in Rubisco quantity in two of three cases as exemplified by the trial conducted in October (Fig. 3B) .
DISCUSSION
The activity and quantity curves correspond to the Rubisco synthesis and degradation curves observed in rice (1 1). Rubisco is synthesized with little degradation until full leaf expansion, at which time degradation takes on a more prominent role (11 there would be developmental variation among trials and experiments. Thus, the response seen in trials conducted in August to October 1986 (Fig. 1, A and B) , reflects plants which were exposed to 03 after most Rubisco synthesis had ceased and the process of degradation had become important. In these trials, a decrease in Rubisco activities was observed from the beginning of the treatment period in both 03-exposed and control plants, with 03 accelerating the decline.
In contrast, in those trials performed with plants grown in November 1986 (Fig. 2, A and B) and in September to November 1987 (Fig. 3, A and B) 03 exposure probably occurred prior to, as well as after, cessation of Rubisco synthesis. Ozone appeared to prevent Rubisco levels from ever reaching those ofcontrol plants. Since degradation of Rubisco in rice begins before synthesis stops (1 1), any effect which 03 might have on degradation could be detected when examining net quantity of the enzyme.
Generally On the last day of the exposure, 03 concentration was increased to simulate an inversion. This 03 peak did not elicit any major response beyond that already observed. Elkiey and Ormrod (4) noted a decreased uptake of 03 during a 3-d study with petunia as the experiment progressed. They suggested that subtle internal injury in the leaves may have caused the decrease. If potato plants sustained similar injury, the apparent lack of additional plant response to the simulated inversion could be explained by reduced 03 flux.
The recovery of net photosynthesis after the 03 exposure ended (Fig. 1C) is consistent with the observations of other investigators. Hill and Littlefield (6) noted that net photosynthesis returned to control levels within 24 h after plants were removed from 03. The recovery was reportedly related to stomatal reopening after the stress was removed.
The results of this series of experiments demonstrate an 03-induced decrease in Rubisco activities and quantity and net photosynthesis similar to that seen in other species (9, 14, 16) . Net photosynthesis recovered to near control levels 4 d after plants were removed from 03 stress while the decline in activity and quantity of Rubisco could still be detected. Initial activity declined in tandem with total activity. The decrease in initial activity is likely accounted for by a loss of total Rubisco protein rather than a decrease in the proportion of the protein in an activated form. The loss ofthis major storage protein may have important consequences in 03-induced premature senescence. 
